Statistical comparisons between numerical sea ice models and an observed large-scale strain array in the western Weddell Sea during 1992 are used to evaluate the performance of three of the more generally utilized sea ice rheology formulations. Results show that sea ice velocity is reproduced with relatively high accuracy (90% coherence, >80% normalized cross correlation) in models having high-quality atmospheric forcing fields (e.g., the European Centre for Medium-Range Weather Forecasts). On the other hand, temporal and spatial variability of the velocity field, as exemplified by progressive vector plots and ice deformation, respectively, are reproduced less accurately (coherence and normalized cross correlation <50%). In terms of model sensitivity, this means that deformation and temporal variability are more discriminating in terms of elucidating specifics about the constitutive relation and mechanical properties of sea ice on a large scale. For example, inclusion of both compressive and shear stresses is important in attaining a proper probability distribution of deformation relative to observations. Additional analysis shows that adjustments to specific model parameters improve the model results for either drift or select deformation components, but no best solution could be found, given the models examined here. Results suggest that inclusion of more physically based processes, such as subdaily tidal and inertial oscillations, reconsideration of the boundary layer formulation, and consideration of anisotropy, may be necessary to include in next-generation sea ice models, especially those that are intended for coupling with high-resolution (eddy resolving) ocean models.
Introduction of sea ice that are both robust enough to be moni-upon results from Hibler and Ackley [1983], we present
here a numerical investigation of the large-scale mechanical responses of the ice. Specifically, we focus on observed versus modeled drift and strain-rate responses to determine how well large-scale sea ice models reproduce these variables. Dynamic-thermodynamic sea ice models using viscous-plastic (VP) and cavitating fluid (CAV) ice models will be examined, as these are widely used in both sea ice models and coupled air-ice and iceocean studies, particularly the cavitating fluid model which is used in conjunction with climate models. Together with the free drift solution, they also provide a logical hierarchy of sea ice theologies from free drift (no resistance) through cavitating fluid (pressure resistance) to viscous plastic (pressure and shear resistance). As seen in the work by Geiger et al. [1997] and Geiger [1996] , ice edge location is not very sensitive in these models compared to ice thickness distribution and compactness. Additionally, ice thickness spatial distribution is not a good parameter to examine sensitivity to internal ice variables [Geiger, 1996] , primarily for two reasons. First, while variations in internal ice variables can be used to address the issue of how certain models affect ice thickness and compactness, it is very difficult to decipher why this is the case and what are the underlying processes responsible. In other words, it is difficult to deduce what is happening physically to produce such a result. Second, there is currently a lack of regionally observed thickness distributions for comparison. This makes it extremely difficult to test which thickness distribution field is correct and, furthermore, which set of internal ice parameters is correct for that observed thickness distribution. The same argument holds more or less for compactness. The end result is that we need a better method for examining responses of the internal ice interaction in order to understand the physics of the observed sea ice mechanics.
Statistical evaluation of individual buoy tracks has provided a more realistic source for comparing results between different theology model types [e.g., Hibler and Ip, 1995] , but this is only part of the information necessary to test these models. The distinguishing characteristic in sea ice models is the constitutive relation.
Therefore a rigorous examination of internal ice interaction must include direct examination of both drift (velocity) and deformation. Drift can be thought of as the mean motion of the ice, while deformation is its spatial variability. Obtaining the right mean in a model is a good first-order result, but variability is a more sensitive and defining factor in terms of isolating the correct physics. Deformation is also a more critical factor than drift in terms of the thermodynamic balance because the open water fraction created by deformation processes is the greatest contributor to heat and mass (salt expulsion) transfer in polar regions [Maykut, 1986] . Like the coupling between thickness, compactness, velocity, and deformation, the physical processes that make up deformation itself are also coupled. Hence, in order to understand how the open water fraction of ice is formed, one must also understand how processes such as shear and divergence work in conjunction with each other. For this reason, shear is considered as important as divergence for determining the underlying physics. The purpose of this study is to better understand the physics of sea ice as described by the numerical models indicated above and to determine how these models compare with observations. A unique data set from Ice Station Weddell (ISW) in the austral fall of 1992 in the western Weddell Sea using six buoys in a large-scale array provides the opportunity to test models against observed drift and deformation.
An overview of the field experiment is given in section 2, with particular emphasis on drift and deformation characteristics of the region. This is followed by a scaling analysis of the momentum balance to illustrate the significance of deformation as a means of understanding the variability of sea ice motion. Next, a description of the numerical schemes and details of the ice theologies are presented. This is followed by results from comparison studies between models and observations using crossspectral analyses, cross correlation, X 2 analyses, and probability density distribution of drift and deformation components. These methods compare modeled and observed buoy motion in the time domain, the frequency domain, and with respect to distribution categories in principal axis space and scatterplots. Since the primary goal is to compare sea ice drift and deformation between models and observations, the impact on thickness and compactness is left for future research. hour peak contributing the most to the total shear activity and the 24 hour peak contributing more to the solid body rotation (vorticity) of ice on scales as large or larger than the ISW array (150 km). East to west rising ocean bottom topography of the continental slope is also believed to play a major role in the directional preference of both observed ice drift and deformation in this region. Ice drift and deformation seem particularly sensitive to the forcing caused by topographic change, as enhanced by ocean currents.
Field Experiment

Drift and Differential Drift Scaling
The momentum balance of sea ice may be written 
Ox Oy Similar coupled equations can be derived for divergence and vorticity.
Using results from ISW, we obtain the observed ice kinematic quantities found in (1)-(3). Using the full nonlinear water and air drag terms, we compute these terms for the free drift case with no ocean. Table 1 shows the variance and rms values of the velocity magnitude and the differential drift values for both of these cases. We will examine the response of both drift and differential drift under the assumption of different theologies. Since we are numerically solving the nonlinear drift equations, we do not make the approximations used to obtain the above scaled differential drift equations but, instead, solve the full nonlinear drift equations and then compare statistics of the spatial derivatives of the predicted and observed drift. To make a more precise comparison to observations, the numerical code was set up to approach the full plastic solution by means of a pseudo time stepping procedure performed at every 3 hour physical time step (see Appendix B). To do this, the momentum balance calculations described by Zhang and Hibler [1997] 
Numerical Experiment
Comparison Results
Results from the numerical experiments described in section 4 indicate that overall, the viscous-plastic model performs the best out of the three rheologies of free drift, cavitating fluid, and viscous plastic with truncated ellipse. Because of this, we present our results in two parts. First, we present an interrheology comparison to show how the three rheologies perform compared with the observed array. Second, we conduct an additional set of comparisons based on modifications of the viscous-plastic rheology.
Interrheology Comparison
Using the viscous-plastic rheology with a truncated ellipse closure scheme as an example in Figure 5 , we find Overall, from this interrheology comparison, we find that first, the velocity is reproduced well, no matter which rheology is chosen and is primarily dependent on the quality of the wind velocity field. Hence, to within about 80% to 90% confidence, the ice velocity responds primarily to wind and water forcing. Second, the deformation of the field is more difficult to predict in the models, at most, only 50% of the coherence attainable in this study. A noticeable improvement is found in model deformation for the more realistic rheologies, which include both compressire and shear stresses. Finally, the strain rate, and not the velocity, is found to be the more critical parameter to compare in model results in terms of testing a constitutive relation.
Comparison of Viscous-Plastic
Modifications
One conclusion from the results described in section 5.1 is that inclusion of both divergent and shear deformation produces the best rheological results when compared with observations. The next question is, which components of the best model could be modified to improve it even further? The aim of this section is to address this question by examining the response of some recently suggested modifications to the viscous-plastic model in order to see how well they compare with the observed results. As discussed in section 1, the viscousplastic closure scheme has recently gone through a number of modifications. First, the original concentric ellipse method [Hibler, 1979] Table 1 (23% for free drift with ocean current and 30% for TRU for variance relative error between models and observations). However, we note a clear distinction in results of the different rheologies for kinematic quantities. Free drift with ocean current has substantially greater variance than observations, e.g., relative errors for divergence, elongation, local shear, and vorticity are 200%, 224%, 35%, and 59%, respectively. However, with the addition of ice interaction, the variance and rms decrease in the deformation components to 90%, 53%, 52%, and 13% for viscous plastic, respectively. In particular, the divergence and components of maximum shear (ND and SD) have an observed variance and rms which lies between that of the cavitiating fluid model and the viscous-plastic model. Hence the results from Table i reduced water drag. From this example, one result that stands out is that the probability distribution is basically Gaussian about a zero mean. This distribution is typical of all the observed deformation and kinematic components examined Geiger et al. [1996] . In the absence of modeled shear stress, the free drift and cavitating fluid models do not reproduce this distribution and, instead, tend to be more divergent than observed. The viscous-plastic cases, however, are more Gaussian in their deformation distributions, with the biggest difference in probability density near the mean. Chi-square distribution further indicates specific regions within the probability distribution where the models overpredict or underpredict the observed. While none of the viscousplastic modifications compe•red overall better than the observations, their close correspondance to the observed probability distribution in a number of the components indicates that the viscous-plastic solution is at least on the right track to a correct solution.
The overall X 2 statistics from the probability distribution function are summarized in Table 2 . Looking first at the categories for velocity, the best X • (lowest value) is for the reduced ductility case because of its ability to match observed smaller velocity magnitudes where ductile creep is most effective. This is followed by the 25 km model, with the worse two cases being the reduced water drag and concentric ellipse cases, which are even worse than for the free drift and cavitating fluid models. Sorting this out by the more physically based components (differential kinematic parameters) of divergence, vorticity, normal deformation (local elongation), and local shear, we see from Table 2 Key results seen in this comparison are as follows. First, while none of the models completely reproduces the buoy behavior observed in the field, the use of a theology with both pressure and shear resistance is the best solution of those studied here. Second, with regard to sensitivity to these models, ice deformation is far more difficult to predict than drift and is much more sensitive in terms of response to the tuning of internal ice parameters. Third, an adequate model improving both drift and deformation was not achieved. While use of increased ductility in the viscous-plastic model greatly improved velocity magnitude statistics, modifying the drag coefficients was far more successful at improving many of the deformation components; however, even a combination of these [Geiger, 1996] failed to produce a satisfactory result. Overall, shear is reproduced much better than divergence in the models and velocity magnitude is predicted much better than direction owing to the input field quality. Fourth, the sensitivity of the different deformation terms (both directional and invariants) is such that some parameters improve while others do not, depending on the modifications made to the models. Fifth, a distinct directional dependence relative to topographic characteristics is evident in X = results, with the connection to topography being hypothesized through subdaily oceanic (tidal) processes linked to inertial oscillations in the ice. A salient conclusion of this work is that deformation provides a more discriminating test between different sea ice theology models. This is apparent both in the time series of deformation from the buoy array and in the progressive vector plots of the buoys over the duration of the field experiment. The basic picture that emerges is one where low-frequency forcing is supplied by the wind, with the average ice drift following the wind forcing in a manner only weakly dependent upon internal ice stress. However, the ice interaction provides a coherence to the differential motion, so that different portions of the ice pack do not disperse and mix, which occurs if they were allowed to freely move with the wind. While there is coherence between modeled and observed drift at lower frequencies, there is a great deal of higher-frequency motion and deformation in the observations that is not reproduced in these largely wind driven, ice dynamics models. This is, in large part, due to tidal forcing for this region that is not included in the model forcing here. However, this defect also points to the inadequacies of the present boundary layer formulation which assumes averaging over long periods compared to the inertial period, which is almost indistinguishable from the semidiurnal tidal period at this latitude. Improvements in the formulation of this coupling are currently underway. A combination of improved input fields and boundary layer formulation may provide the means to correct some of the differences found in this comparison study. Additionally, consideration of an anistropic theology [e.g., Hibler and Schulson, 1997] may be a viable inclusion to consider, given the improved speed of computers and the need to include more realistic subdaily processes in the models. In the meantime, the methods presented here serve as useful processing tools for analyzing and testing model modifications in a way that directly compares observed drift and deformation behavior with numerically constructed, constitutive assumptions.
While these results are only from one regional case study, they reveal that deformation is clearly a defining parameter in terms of testing ice theologies in models.
The spatial variability of the drift (i.e., the deformation) is also the variable used in the constitutive relation from which the theology is defined. By including deformation in the validation procedure, the variability in the field drift is also taken into account.
Deformation also has a more direct impact on the compactness than the drift, as it is a dominant process in determining open water fraction. In terms of heat balance, deformation is a critical parameter in terms of evolution of the field compactness and hence the growth rates and mass balance of the system. Since the shear is intrinsically connected to the physical dynamics of the divergence process, a realistic divergent-shear theology is needed to correctly define the open water fraction in the ice. As high-resolution and eddy-resolving ocean models become more prevalent, these smaller-scale processes become increasingly important to coupled ice-ocean models.
Appendix A' Correlation and Coherence of Maximum Shear
The following describes the mathematical details used to compute the cross correlation for maximum shear and cross-spectral coherence.
A.1. Correlation Coefficient
Since maximum shear is a positive definite quantity, the usual formulation for correlation only works for the magnitude of maximum shear but not the correlation in absolute terms. To obtain a yield curve as pictured in Figure 4e , we take r/to be given by the minimum value of two quan- 
